Abstract Chromosomal replication results in the duplication not only of DNA sequence but also of the patterns of histone modification, DNA methylation, and nucleoprotein structure that constitute epigenetic information. Pericentromeric heterochromatin in human cells is characterized by unique patterns of histone and DNA modification. Here, we describe association of the Mi-2/NuRD complex with specific segments of pericentromeric heterochromatin consisting of Satellite II/III DNA located on human chromosomes 1, 9, and 16 in some but not all cell types. This association is linked in part to DNA replication and chromatin assembly and may suggest a role in these processes. Mi-2/NuRD accumulation is independent of Polycomb association and is characterized by a unique pattern of histone modification. We propose that Mi-2/ NuRD constitutes an enzymatic component of a pathway for assembly and maturation of chromatin utilized by rapidly proliferating lymphoid cells for replication of constitutive heterochromatin.
Introduction
During development, differentiation status is reflected in patterns of gene expression. Genetic programs are thought to be established and maintained through the action of transcriptional activators and repressors. Current models postulate that these proteins bind DNA in a sequencespecific manner, where they locally recruit enzymes that alter epigenetic information. For example, during B-cell development, the transcriptional repressor BCL6 establishes and maintains the transcriptional profile of the germinal center B cell through recruitment of corepressors including the Mi-2/ NuRD complex ). An alternative mechanism of transcriptional repression involves recruitment of DNA to heterochromatin, such as to the large blocks of pericentromeric heterochromatin found on human and mouse chromosomes. This mechanism is critical to the biology of B cells where loci such as Rag and TdT loci undergo nuclear repositioning to pericentromeric heterochromatin following stimulation, where they are thought to be heritably silenced by Ikaros (Brown et al. 1997 (Brown et al. , 1999 . Thus, the proper establishment of cell-type-specific transcriptional profiles relies on both classical repression mechanisms mediated by sequence-specific repressors and their associated corepressors as well as on the integrity and function of pericentromeric heterochromatin.
Consistent with this notion, disruption of pericentromeric heterochromatin, observed in ICF (immunodeficiency, centromeric instability, and facial anomalies) syndrome, can have a significant impact on B-cell development. Patients suffering from ICF syndrome, caused by mutations in the de novo DNA methyltransferase DNMT3B (Hansen et al. 1999; Xu et al. 1999) , are characterized by a lymphoid-specific chromosome instability and by defective B cell negative selection and terminal differentiation (Blanco-Betancourt et al. 2004) . It remains unclear why chromosome instability is limited to lymphoid lineages when pericentromeric heterochromatin is hypomethylated in all ICF tissues.
Here, we describe a novel, BCL6-independent accumulation of the Mi-2/NuRD complex in rapidly proliferating lymphoid cell lines. Mi-2/NuRD localizes to pericentromeric heterochromatin in a cell-cycle-dependent manner and is closely associated with heterochromatin containing HP1 proteins and histone H3 trimethylated at lysine 9 (H3K9me3). These NuRD bodies are present in a variety of B lymphocyte-derived cell lines as well as primary human cells. In contrast, cells that assemble Polycomb proteins at pericentromeric heterochromatin lack NuRD bodies and differ in the composition of pericentromeric heterochromatin. The recruitment of Mi-2/NuRD to heterochromatic foci is linked, in part, to DNA replication, suggesting a function for this enzyme in chromatin assembly. We propose that NuRD bodies are cytologic markers of a novel chromatin assembly pathway utilized by lymphoid cells at pericentromeric heterochromatin.
Results
The Mi-2/NuRD complex localizes to nuclear structures in a cell-type-specific manner
We have shown previously that MTA3 and the Mi-2/NuRD complex interact with the master regulator of B-cell differentiation, BCL6, to establish the transcriptional profile of the germinal center B cell . To further investigate this process, we used indirect immunofluorescence to examine the distribution of these proteins within germinal center (GC) B-cell-like and plasmacytoid cell lines. We immunostained a germinal center model cell line, Ramos (Klein et al. 1975) , and a plasmacytoid cell line, H929 (Gazdar et al. 1986) , with antibodies directed against subunits of Mi-2/NuRD (Fig. 1) .
A significant proportion of Ramos cells immunostained with antibodies against the Mi-2/NuRD complex members MTA3 and Mi-2α/β exhibited several brightly staining nuclear foci that were not evident in H929 (Fig. 1a) . To determine whether foci observed with individual antibodies coincided, we performed two-color immunofluorescence (Fig. 1b) . Colocalization between Mi-2 and MTA3 foci was observed in 100% of cells. To determine whether these foci coincided with known nuclear or perinuclear structures, we compared the distribution of Mi-2/NuRD and that of PML bodies (Weis et al. 1994 ), Cajal bodies (Cajal 1903 Monneron and Bernhard 1969) , centrosomes (Zheng et al. 1991) , and SC35 domains (Fu and Maniatis 1990) . No significant association between Mi-2/NuRD and any nuclear structure tested was observed, suggesting that these foci represent a novel nuclear domain (Fig. 2a and data not shown). We have shown previously that, in GC B-cell-like lines, the MTA3-containing form of the Mi-2/NuRD complex interacts with BCL6 to establish GC-type transcriptional profiles ). However, there was no enrichment of BCL6 in the nuclear foci (Fig. 1b) , indicating that recruitment of the Mi-2/NuRD complex to these foci occurs independently of BCL6.
The components of Mi-2/NuRD are each encoded by multiple, highly similar genes and all known protein products of these genes have been associated with the complex. We have proposed that substitution of these variable subunits may confer functional specificity to the complex, directing it to a specific set of gene targets (Bowen et al. 2004) . To determine whether a specific subunit resulted in targeting of the complex to these foci, we investigated the distribution of the alternative subunits MBD2, HDAC1, HDAC2, Mi-2α (CHD3), Mi-2β (CHD4), MTA1, and MTA2 in Ramos cells ( Fig. 1c and Supplemental Fig. 1 ). HDAC1, HDAC2, Mi-2α, and Mi-2β all exhibit a pattern of focal enrichment similar to that observed with MTA3 and Mi-2α/β antibodies (Fig. 1c) . MBD2 is also enriched in nuclear foci (Fig. 1c) ; we were unable to determine whether MBD3 exhibited similar enrichment (data not shown). Both MTA1 and MTA2 showed some enrichment in the foci, although often to a lesser extent than that observed for MTA3 (Supplemental Fig. 1 ). We concluded from these experiments that Mi-2/ NuRD is enriched in a novel nuclear domain in some cell types with no apparent subunit preference. We will heretofore refer to these nuclear structures as NuRD bodies.
We next sought to address whether NuRD bodies are present in other lymphoid cell types. Therefore, we immunostained a variety of B-cell lymphoma and leukemia lines with antibodies against MTA3: Daudi and Raji (Burkitt lymphomas), HT and Pfeiffer (diffuse large B-cell lymphomas), and CCRF-SB and SUP-B15 (B-cell acute lymphoblastic leukemia). We observed NuRD bodies (in 20-50% of cells) in all lymphoid cell lines tested (data not shown).
NuRD bodies localize to pericentromeric heterochromatin To identify the nuclear structure or DNA sequences targeted by Mi-2/NuRD, we investigated the distribution of Mi-2/ NuRD subunits relative to other chromatin proteins previously reported to display a similar nuclear pattern. Although it has not been reported to associate with the Mi-2/NuRD complex, the methyl-CpG binding protein MBD1 displays a punctate localization in human interphase nuclei, similar to the pattern observed here (Fujita et al. 1999; Ng et al. 2000) . This results from association of MBD1 with heterochromatin located in close proximity to centromeres, particularly on chromosome 1. Two-color immunofluorescence revealed partial colocalization of MBD1 foci with NuRD bodies (Fig. 2a) . We also investigated the distribution of NuRD bodies relative to the three isoforms of heterochromatin protein 1, HP1α, HP1β, and HP1γ ( Fig. 2a and data not shown) , all of which have been reported to localize, at least in part, to pericentromeric heterochromatin in mammals (Minc et al. 2000; Nicol and Jeppesen 1994; Wreggett et al. 1994) . All three HP1 isoforms showed some degree of association with NuRD bodies (88% of NuRD bodies were associated with HP1α, 45% with HP1β, and 92% with HP1γ). Consistent with these data, we also observed an association between the NuRD bodies and H3K9me3 (Fig. 2a) , a histone modification required for HP1 targeting (Lachner et al. 2001) . We also investigated the relationship between NuRD bodies and a number of other histone modifications. We did not identify any other histone modification with any significant association with Mi-2/NuRD bodies (Supplementary Table 1 ). These data suggest that Mi-2/NuRD associates with centromeric or pericentromeric DNA. NuRD bodies are closely associated with each of these proteins. NuRD bodies did not colocalize with markers of other known nuclear domains, such as PML bodies. Scale bar indicates 5 μm. b Cytocentrifuged Ramos cells were stained with antibodies against MTA3 (green) and CENP-A (red). Images in left-side panels were acquired using conventional microscopy. Right-side panels show an expanded view of a large NuRD body from a second nucleus which was acquired using confocal microscopy with deconvolution. The image presented represents a single optical section through the nucleus. c Immuno-FISH in Ramos cells. Cells were cytocentrifuged and stained with antibodies against MTA3 (green) with subsequent fluorescence in situ hybridization using a probe (red) directed against the chromosome 1 satellite repeat D1Z1, the chromosome 9 satellite repeat D9Z3, or the chromosome 16 satellite repeat D16Z1. Scale bar indicates 5μm
To directly address this question, we performed twocolor immunofluorescence in Ramos cells using antibodies against the kinetochore protein CENP-A and MTA3 as a marker for the NuRD body. MTA3 foci were identified and scored for association with one or more CENP-A signals. We observed a significant degree of association between CENP-A signals and NuRD bodies (86% of NuRD bodies were closely associated with at least one CENP-A signal; Fig. 2b ), further supporting the hypothesis that Mi-2/NuRD may be targeted to centromeric or pericentromeric heterochromatin in these cells.
The pericentromeric heterochromatin on chromosomes 1, 9, and 16 contain megabase blocks of Satellite II/III DNA, representing one of the highest concentrations of methylated DNA in the human genome (Lubit et al. 1976) . Because the MBD2 subunit of Mi-2/NuRD is known to preferentially bind methylated DNA (Hendrich and Bird 1998), we reasoned that the complex may localize to methylated Satellite II/III repeats at these chromosomes. To investigate this possibility, we used immunofluorescence against the MTA3 subunit of the complex combined with fluorescence in situ hybridization (FISH) directed against chromosomes 1, 9, and 16 satellite repeats (Fig. 2c) . The X chromosome alpha satellite repeat DXZ1 was used as a negative control. The results of this analysis are summarized in Table 1 . As predicted, Mi-2/NuRD was targeted to pericentromeric heterochromatin of chromosomes 1, 9, and 16. Unsurprisingly, NuRD bodies associated with the very large region of chromosome 1 pericentromeric heterochromatin were the most easily detected, while those associated with the smaller chromosome 16 pericentromeric heterochromatin were more difficult to observe. This may explain why we generally did not observe more than four NuRD bodies in a cell.
Formation of NuRD bodies occurs primarily during S phase
The Mi-2/NuRD complex was localized to pericentromeric heterochromatin in only a subset of Ramos cells (approximately 40% of cells in an asynchronous culture), exhibiting a generalized nuclear localization in the remainder of nuclei. This suggested that targeting may occur only at specific points in the cell cycle. Therefore, cells were pulsed for 15 min with 5-bromodeoxyuridine (BrdU) to mark replicating cells and subsequently stained with antibodies against CENP-F (to identify cells in G2), BrdU, and MTA3 (as a marker for the NuRD body). Cells with NuRD bodies (n= 75) were then scored for cell cycle distribution, on the basis of BrdU incorporation and CENP-F staining. The majority of cells containing NuRD bodies were in S phase (59% of cells), with lesser amounts in G2 (22% of cells) and G1 (19% of cells) (Fig. 3a) . Overall, approximately half of cells in the asynchronous culture were in some stage of S phase (51%), irrespective of the presence of NuRD bodies. Furthermore, NuRD bodies present in S phase cells generally colocalized with (74% of NuRD bodies) or were closely associated with (20% of NuRD bodies) BrdU signals, suggesting that recruitment of the Mi-2/NuRD complex to pericentromeric heterochromatin is linked to active DNA replication. NuRD bodies were not detected in every replicating cell; rather, approximately two thirds of cells in S phase did not contain these structures (data not shown). Given that heterochromatic sequences characteristically replicate late in S phase and that Mi-2/NuRD localization to pericentromeric heterochromatin is closely associated with their replication, we inferred that NuRD bodies are primarily observed in late S phase cells. To address this more directly, we synchronized Ramos cells at the G1/S boundary and released them into S phase. Cells were harvested at several time points after release, immunostained with antibodies against MTA3, and scored for NuRD bodies (Fig. 3b) . While NuRD bodies were observed with some frequency at all time points, they were most prevalent during late S phase (4.5 and 6 h after release).
To further characterize the association of Mi-2/NuRD with active replication forks, we stained BrdU-pulsed Ramos cells with antibodies against MTA3 (as a marker for Mi-2/NuRD), BrdU, and PCNA (as a marker for replication forks). In general, the BrdU and PCNA distributions overlapped and were difficult to distinguish. However, regions could be identified that stained with the PCNA antibody, but not the BrdU antibody, differentiating the site of active DNA synthesis from nascently replicated DNA. In 63% of nuclei (n=70) scored, differential PCNA and BrdU staining was observed in the region of the NuRD body. In this subset of nuclei, we generally observed colocalization between PCNA and MTA3 (84% of this subset of cells; Fig. 3c assembly protein CAF-1 demonstrated that the Mi-2/NuRD foci coincide with sites of chromatin assembly (Fig. 3d) . Finally, Mi-2/NuRD foci are often observed in a characteristic ring (or toroid) formation surrounding heterochromatin markers, like HP1γ (Fig. 3e) . This pattern is reminiscent of that observed in previous studies of DNA replication and chromatin assembly at pericentromeric heterochromatin in other mammalian cells (Dimitrova and Berezney 2002; Fox et al. 1991; O'Keefe et al. 1992; Quivy et al. 2004; Taddei et al. 1999) . Taken together, these data indicate that, during S phase, the Mi-2/NuRD complex associates with chromatin during or immediately following DNA replication at a time period coinciding with chromatin assembly.
Relationship of Mi-2/NuRD to other components of pericentromeric heterochromatin: BMI1 and Ikaros
The Polycomb core complex, PRC1, localizes, in a cellcycle dependent manner, to pericentromeric heterochromatin in a variety of cell lines in structures called Polycomb bodies (Saurin et al. 1998; Voncken et al. 1999 ). BMI1 (a component of the PRC1 complex) foci are visible during G1 and early/mid S phase, disappearing in late S and M phase. To investigate the relationship between the NuRD body and Polycomb, we immunostained Ramos (GC) and H929 (plasmacytoid) cell lines with antibodies against MTA3 and BMI1 (Fig. 4a) . In H929, we observed obvious Polycomb bodies (but no NuRD bodies) in a significant proportion of cells (nearly 100% of cells). In contrast, Ramos cells exhibited NuRD bodies but no obvious enrichment of BMI1. The PRC1 complex is recruited to heterochromatin through an interaction with histone H3 trimethylated at lysine 27 (H3K27me3) (Cao et al. 2002) . In order to determine whether this histone modification exhibited a differential association with pericentromeric heterochromatin in the two cell lines, we performed FISH coupled with immunofluorescence using antibodies against H3K27me3. As expected, the chromosome 1 Satellite II repeat in H929 was enriched for H3K27me3. However, Ramos cells, which lack obvious Polycomb bodies, showed no association between H3K27me3 and chromosome 1 pericentromeric heterochromatin; in fact, this modification was generally depleted in the region of the FISH signals (Fig. 4b) . These data indicate the presence of at least two alternate heterochromatin types at the pericentromeric satellite repeat: one NuRD-associated/K27me3-depleted (as in Ramos) and one BMI1-associated/K27me3-enriched (as in H929). In order to determine whether this either/or pattern was observed in other cell types, we analyzed several additional cell lines, many of which form Polycomb bodies at pericentromeric heterochromatin (Saurin et al. 1998; Voncken et al. 1999) . We observed obvious Polycomb bodies in some proportion of A375, WI-38, MCF7, and U2-OS cells (Fig. 4c) . However, consistent with our hypothesis, none of these cell lines exhibited obvious NuRD accumulation at pericentromeric heterochromatin. Interestingly, some cell lines did not fit either pattern. For example, the lymphoblast cell line GM09146 did not have obvious NuRD bodies or Polycomb bodies (Fig. 4c) . Consistent with the absence of Polycomb bodies, immuno-FISH experiments in this cell line demonstrated that chromosome 1 pericentromeric heterochromatin was not enriched for H3K27me3 (data not shown). This finding indicates that the composition of constitutive heterochromatin varies substantially between cell types. The zinc finger protein Ikaros is recruited to pericentromeric heterochromatin in cycling B and T lymphocytes. Ikaros is known to interact with Mi-2 in mouse T cells and can be observed in toroidal structures at the pericentromeric heterochromatin of activated T cells in G1 and S phase (Kim et al. 1999 ). Thus, we investigated the relationship between Ikaros and the NuRD body in Ramos and H929. We immunostained BrdU-pulsed Ramos cells with antibodies against Ikaros, BrdU, and PCNA. Ikaros was closely associated with BrdU and PCNA in about half of cells with obvious Ikaros foci (Fig. 5a) . In many cases, Ikaros foci were not clearly associated with BrdU (Fig. 5a ). Like Mi-2/NuRD, Ikaros also associated with HP1γ and chromosome 1 pericentromeric heterochromatin (Fig. 5b, c) . These data are consistent with the notion that Mi-2/NuRD and Ikaros localize to pericentromeric heterochromatin in a similar manner. Interestingly, Ikaros also associates with pericentromeric heterochromatin in H929, indicating that the presence of Fig. 3 Mi-2/NuRD enrichment at pericentromeric heterochromatin is linked to DNA replication and chromatin assembly. a Graph shows the proportion of cells with NuRD bodies in each stage of the cell cycle, on the basis of BrdU incorporation and CENP-F staining. Cells containing NuRD bodies were identified and scored as to whether they were in S, G1, or G2 phase. Overall, 51% of cells in the asynchronous culture were scored as being in S phase, irrespective of the presence of NuRD bodies. b Graph shows the proportion of synchronized cells that contain NuRD bodies. Cells were synchronized at the G1/S border, released into S phase, and analyzed at several time points (asynchromous, 0, 1.5, 3, 4.5, 6, and 8 h after release). Cells were scored as to whether Mi-2/NuRD foci were observed. The left side of the chart shows DNA content analysis after flow sorting. c Ramos cells were pulsed for 15 min with BrdU prior to cytocentrifugation, fixation, and detection with MTA3 (red), BrdU (green), and PCNA (AlexaFluor 647; purple) antibodies. The lower panel shows an expanded view of two brightly staining foci in the nucleus pictured in the upper panel. Scale bar indicates 5μm. d Ramos cells were cytocentrifuged and stained with MTA3 (directly labeled with AlexaFluor 568) and CAF-1 p150 (detected with AlexaFluor 488 secondary antibodies). Scale bar indicates 5μm. e Ramos cells were cytocentrifuged and immunostained with antibodies against MTA3 (green) and HP1γ (red). Images were acquired using confocal microscopy with subsequent deconvolution. Panel shows an expanded view of one NuRD body. The image presented is a summed Z-series. Scale bar indicates 2.5μm b Ikaros is not sufficient to recruit Mi-2/NuRD to these sequences.
Mi-2/NuRD associates with pericentromeric heterochromatin in primary human cells
We have demonstrated that in GC B-cell-like lines, Mi-2/ NuRD associates with pericentromeric heterochromatin in a cell-cycle-dependent manner. To address this phenomenon in primary cells, we isolated germinal center B cells from human tonsil and immunostained them with an antibody against Mi-2α/β, in order to capture all NuRD complexes, regardless of subunit composition (Fig. 6) . We observed clearly visible NuRD foci in primary germinal center B cells. These data support the hypothesis that the association of Mi-2/NuRD with pericentromeric heterochromatin Fig. 4 NuRD bodies and Polycomb bodies appear to be mutually exclusive. a Ramos (left) and H929 (right) cells were cytocentrifuged and immunostained with antibodies against MTA3 (top) and BMI1 (middle). Scale bar indicates 5μm. b Ramos (left) and H929 (right) cells were subjected to immuno-FISH with an antibody against H3K27me3 (top) and a FISH probe directed against the chromosome 1 Satellite II repeat (middle). Arrowheads indicate regions of K27me3 depletion in pericentromeric heterochromatin. Scale bar indicates 5μm. c A variety of cell lines (A375, WI-38, MCF7, U2OS, and GM09146) were stained with antibodies against Mi-2 (MCF7) or MTA3 (others, green) and BMI1 (red). Polycomb bodies were clearly visible in some proportion of cells in most cell lines, except GM09146. NuRD bodies were largely absent from all five cell lines. Scale bar indicates 5μm occurs in human tissues and is not limited to immortalized cell lines.
Discussion
A defining characteristic of an epigenetic state is faithful transmission to daughter cells after cell division. When the replication fork passes through chromatin, existing modified nucleosomes are distributed among the two daughter chromosomes. Chromatin assembly proteins, such as CAF-1, fill gaps in the daughter chromosomes with newly synthesized histones, which carry characteristic deposition marks, such as histone H4 acetylated at lysines 5 and 12 (Sobel et al. 1995 ). Established chromatin states are then reconstructed on daughter chromosomes through the process of chromatin maturation: histone deposition marks are removed, proper nucleosomal spacing is restored, and parental patterns of histone modification are re-established on newly acquired nucleosomes (reviewed in Polo and Almouzni 2006) .
In this study, we have shown that the Mi-2/NuRD complex localizes to pericentromeric heterochromatin primarily during late S phase. This may indicate a role in heterochromatin replication. We have also observed, at lower frequency, association of Mi-2/NuRD complex with pericentromeric heterochromatin during other phases of the cell cycle. Thus, we propose that Mi-2/NuRD functions in the maturation and maintenance of heterochromatin in rapidly proliferating lymphoid cells. Mi-2/NuRD is unique amongst well-characterized chromatin remodeling complexes in that it possesses the ability both to mobilize nucleosomes through the Mi-2 ATPase subunit (Guschin et al. 2000) and to deacetylate histones through the HDAC subunit (Wade et al. 1998; Xue et al. 1998; Zhang et al. 1998) , making it an excellent candidate for this process. This model predicts that Mi-2/NuRD removes histone deposition marks such as H4K5Ac and H4K12Ac. The removal of these marks permits histone methyltransferase enzymes, such as SUV39H or SETDB1, to re-establish trimethylation of K9 on histone H3 and for the subsequent recruitment of downstream structural components of heterochromatin, such as HP1. Although the data we have presented here suggest a role for Mi-2/NuRD in the replication of constitutive heterochromatin, the biology revealed predicts a more general function for Mi-2/NuRD in, both euchromatin and developmentally regulated regions of facultative heterochromatin.
While all pericentromeric heterochromatin can be characterized by H3K9 trimethylation, we have uncovered evidence for the presence of at least three cell-typespecific subtypes: NuRD-enriched/H3K27me3-depleted, PRC1-enriched/H3K27me3-enriched, and a third that is associated with neither complex and is depleted for H3K27me3. That an essential nuclear structure, pericentromeric heterochromatin, would exhibit this degree of diversity in composition is somewhat surprising. Rapidly proliferating lymphoid cells, exemplified by the germinal center B lymphocyte, are characterized by a significantly shortened interphase and accelerated S phase (Hanna 1964; Liu et al. 1991; Zhang et al. 1988 ). The Mi-2/NuRD pathway may be utilized in such cell types to rapidly reestablish functional heterochromatin in a limited time window. In contrast, other cell types may use more complex mechanisms, such as the recruitment of PRC1 and the assembly of the nucleoprotein structures associated with this complex (Sewalt et al. 2002) , in order to achieve a heterochromatin configuration with sufficient stability for a more generous interphase. It is important to note that, although this study primarily focuses on the association between Mi-2/NuRD and pericentromeric heterochromatin during its replication, this may also serve a purpose outside of S phase, as NuRD bodies are observed, albeit at lesser frequencies, in both G1 and G2.
ICF syndrome is a rare genetic disorder, many cases of which are caused by mutations in the de novo DNA methyltransferase DNMT3B. A constant feature of ICF is hypomethylation of Satellite II/III repeats, the very same DNA underlying the Mi-2/NuRD foci described in this work. Given that defects in chromatin maturation after DNA replication would be predicted to destabilize pericentromeric heterochromatin and that Mi-2/NuRD is known to associate with methylated DNA (Feng and Zhang 2001) , the failure to recruit Mi-2/NuRD to these densely methylated sequence blocks likely contributes to the chromosomal instability observed in ICF syndrome. Furthermore, the observation that some lymphoid-derived cells assemble heterochromatin at these sequence elements in a manner distinct from most other cell types analyzed may explain one perplexing feature of ICF syndrome; although all cell types exhibit hypomethylation of pericentromeric heterochromatin, chromosome decondensation and the formation of characteristic radial chromosome figures are restricted to lymphoid-derived cell types (Maraschio et al. 1989) .
The pathway for heterochromatin assembly and maturation outlined in this work may have a fundamental impact on B-lymphocyte pathology. The failure of these cells to incorporate more complex nucleoprotein architecture at pericentromeric heterochromatin may predispose them to failure of these critical structures. Chromosomal translocations are a recurrent etiologic agent in both leukemias and lymphomas; a subset of characterized translocation events involves Satellite II DNA Busson-Le Coniat et al. 1999; Sawyer et al. 1995 Sawyer et al. , 1998 . The presence of a heterochromatin assembly mechanism that fundamentally differs from other cell types may provide a means by which lymphocytes are predisposed to chromosomal accidents resulting in neoplasia. 
Materials and methods

Cell lines
The following cell lines were obtained from the American Type Culture Collection: Raji, Ramos, and Daudi (Burkitt's lymphoma, BL); H929 (multiple myeloma, MM); HT and Pfeiffer (diffuse large B-cell lymphoma, DLBCL); SUP-B15 and CCRF-SB (acute lymphoblastic leukemia, ALL), MCF7 (adenocarcinoma), A-375 (malignant melanoma), WI-38 (fetal lung fibroblast), and U2OS (osteosarcoma). GM09146 (lymphoblast cell line, EBV transformed) was obtained from the Coriell Cell Repository. Lymphoid cell lines were cultured in RPMI-1640 media (Gibco) supplemented with 10-15% fetal bovine serum (FBS).
Antibodies The following primary antibodies were used in this study:
Mouse monoclonal: PCNA (F-2, Santa Cruz), BCL6 (PG-B6p, Dako), CHD3/Mi-2α (611846, BD Transduction Laboratories), HP1α (MAB3584, Chemicon), HP1β (MAB3448, Chemicon), HP1γ (MAB3450, Chemicon), BrdU-fluorescein (Roche), BMI1 (clone F6, Upstate), CENP-A (3-19, Stressgen), and SC35 (obtained from Dr. Maureen Powers, Emory University). Rabbit polyclonal: MTA3, as described (Fujita et al. 2003) ; Mi-2, as described (Wade et al. 1999 ); MTA2, as described (Fujita et al. 2003 Immunofluorescence and fluorescence in situ hybridization Lymphoid cell lines were washed with PBS, resuspended at a concentration of 3x10 6 cells/ml in PBS, and attached to slides by cytospinning at 200 rpm for 10 min in a Shandon Cytospin 4 cytocentrifuge. U2OS, MCF7, WI-38, and A-375 were grown directly on slides. Slides were fixed and permeabilized for 10 min in 4% formaldehyde/0.1% Triton-X100 in PBS before a 1-h incubation with primary antibodies diluted in PBS-Tween/1% BSA. Detection was achieved using 1:50-1:200 dilutions of the appropriate secondary antibodies (donkey anti-rabbit IgG conjugated with AlexaFluor 488 or AlexaFluor 568, donkey anti-mouse IgG conjugated with AlexaFluor 488, AlexaFluor 568, or AlexaFluor 647, or donkey anti-goat IgG conjugated with rhodamine. AlexaFluor conjugated secondaries were obtained from Invitrogen/Molecular Probes; rhodamine conjugated secondary was obtained from Jackson ImmunoResearch). For experiments comparing the distributions of two rabbit polyclonal primary antibodies, one of the antibodies was conjugated to AlexaFluor 488 or AlexaFluor 568 using the Zenon Rabbit IgG labeling kit (Invitrogen/ Molecular Probes). Slides were fixed again after secondary detection before incubation with Zenon conjugated antibodies. Following secondary detection, mounting media was added (Vectashield+DAPI, Vector Laboratories). Immunostaining of BrdU-pulsed cells was achieved by first fixing and staining as described above, before proceeding as described by Spector et al. (1998) .
Fluorescence in situ hybridization was performed after secondary detection and fixation. Slides were denatured in 70% formamide/2× SSC for 10 min at 83°C, dehydrated with 70-80-100% ethanol series, and then air-dried. Directlabeled (rhodamine or Spectrum Orange) probes against chromosomes 1, 9, 16, and X (D1Z1, D9Z3, D16Z1, and DXZ1) were obtained from MP Biomedicals or Vysis. The probes were denatured for 5 min at 72°C (Chr 1 probe) or 83°C (Chr 9, 16, and X probes) before placing on ice, and hybridization was carried out overnight in a humid chamber at 37°C. Slides were washed twice in 50% formamide/2× SSC for 10 min at 42°C and once in 2× SSC at 42°C before addition of mounting media.
Imaging Images were collected on a Zeiss Axiovert 200 imaging system equipped with an AxioCam MR digital camera controlled by AxioVision software. Confocal images were collected on a Zeiss LSM 510 NLO META laser scanning confocal microscope controlled by Zeiss LSM software. Deconvolution of confocal images was performed using the Huygens 3D image deconvolution software.
Cell synchronization Ramos cells were grown in culture to a density of 5×10 5 cells/ml. Aphidicolin was added to culture media at a final concentration of 1μg/ml. Cells were cultured for 12 h, washed with media, and resuspended in media at a concentration of 3.7×105 cells/ml. Cells were then cultured in the absence of aphidicolin. After 10 h of culture, aphidicolin was again added to a final concentration of 1μg/ml. Cells were cultured in the presence of aphidicolin for an additional 12 h. Finally, cells were washed with fresh media (release into S phase) and cultured for 8 h. An aliquot of cells was removed at each time point (0, 1.5, 3, 4.5, 6 , and 8 h after release) and cytocentrifuged onto slides.
Isolation of human germinal center B cells Tonsil samples were processed into single cell suspension and resuspended in PBS with 2% FBS and 0.02% NaN3 (staining buffer). T cells were depleted by incubating the sample with purified mouse anti-human CD4 (clone OKT4, eBioscience) and anti-CD8 (clone OKT8, eBioscience) antibodies, followed by sheep anti-mouse IgG Dynal beads (Invitrogen). T-celldepleted tonsil samples were stained with PE-IgD (BD Pharmingen), PECy7-CD38 (clone HIT2, ebioscience), and Pacific Blue-CD20 (clone 2H7, eBioscience) for FACS purification of germinal center B cells. Germinal center B cells were defined as CD20+CD38+IgD− cells.
